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olecular and polymeric organic
materials are promising replace-
ments for the inorganic counter-

parts in photovoltaic cells due to their ease
of processing and straightforward depo-
sition, which allow for the fabrication of
nanostructured devices on inexpensive
and arbitrary substrates." Most organic
photovoltaic (OPV) devices require the pres-
ence of both a donor and an acceptor
material to drive exciton dissociation at
the interface between the two components
and improve charge collection under opera-
tional bias.? Donor—acceptor bulk hetero-
junction (BHJ) solar cells formed by mixtures
of regioregular poly(3-hexylthiophene) (rr-
P3HT) and soluble fullerene derivatives,
such as PCg;BM and PC,;BM, are bench-
mark OPV structures, with average power
conversion efficiencies (PCEs) of up to 5%
under AM 1.5 conditions (100 mW/cm?).2 A
variety of device and material factors limit
the performance of BHJ solar cells, but
the properties of the photoactive layer are
the primary determinant of the maximum
achievable PCE. The ideal donor—acceptor
mixture in a BHJ structure should exhibit a
bicontinuous network with domain widths
within twice that of the exciton diffusion
length and a high donor—acceptor interfa-
cial area to favor exciton dissociation and
efficient transport of separated charges to
the respective electrodes.* In the specific
case of polymer solar cells (PSCs), the mis-
cibility between the polymer donor and the
fullerene acceptor, the crystallization of the
polymer and fullerene phases, and the scale
of the phase separation in the BHJ thin film
are all critical to the overall performance of
BHJ OPVs.>?
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ABSTRACT The motivation of this study is 30% PCE|
to determine if small amounts of designer
additives placed at the polymer—fullerene
interface in bulk heterojunction (BHJ) solar
cells can influence their performance. A series
of AB-alternating side-chain-functionalized
poly(thiophene) analogues, P1—6, are designed to selectively localize at the interface
between regioregular poly(3-hexylthiophene) (rr-P3HT) and PC,BM (n = 61, 71). The side
chains of every other repeat unit in P1—6 contain various terminal aromatic moieties. BHJ
solar cells containing ternary mixtures of rr-P3HT, PC,BM, and varying weight ratios of
additives P1—6 are fabricated and studied. At low loadings, the presence of P1—6 consistently
increases the short circuit current and decreases the series resistance of the corresponding
devices, leading to an increase in power conversion efficiency (PCE) compared to reference
P3HT/PC4:BM cells. Higher additive loadings (>5 wt %) lead to detrimental nanoscale phase
separation within the active layer blend and produce solar cells with high series resistances
and low overall PCEs. Small-perturbation transient open circuit voltage decay measurements
reveal that, at 0.25 wt % incorporation, additives P1—6 increase charge carrier lifetimes in
P3HT/PCqs;BM solar cells. Pentafluorophenoxy-containing polymer P6 is the most effective
side-chain-functionalized additive and yields a 28% increase in PCE when incorporated into a
75 nm thick rr-P3HT/PCs;BM BHJ at a 0.25 wt % loading. Moreover, devices with 220 nm thick
BHJs containing 0.25 wt % P6 display PCE values of up to 5.3% (30% PCE increase over a
control device lacking P6). We propose that additives P1—6 selectively localize at the interface
between rr-P3HT and PC,BM phases and that aromatic moieties at side-chain termini
introduce a dipole at the polymer—fullerene interface, which decreases the rate of
bimolecular recombination and, therefore, improves charge collection across the active layer.
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The use of additives to improve the per-
formance of rr-P3HT/PC,BM (n = 61, 71)
solar cells by changing the morphology of
the active layer has been reported in the :ﬁ:’ i?:;;;g;’?ondence to
past, but examples have been limited to  tswager@mit.edu.
the use of high boiling point alkyl dihalides
that act as cosolvents'® or main-chain
block copolymers.' ' The use of P3HT
with lower regioregularities as an additive
has also been reported, and moderate in-
creases in the open circuit voltage (Voc) — ©2012 American Chemical Society
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Scheme 1. (A) Structures of regioregular P3HT (rr-P3HT) and the AB-alternating, side-chain-functionalized poly(thiophene)s
discussed in this study. (B) Synthesis of polymers P1—P6, excluding P2. (C) Synthesis of polymer P2. Compound 1 was
synthesized following modified literature procedures (see Supporting Information for more details).

were observed, though accompanied by a decrease in
the short circuit current (Js¢).'* All of these approaches
typically require extra processing steps or a relatively
large amount of additive (at least 5 wt %) to see an
improvement in the PCE.

Both the length of the side chain on the repeat unit
and the regioregularity of the polymeric donor materi-
alin PSCs have been shown to have a marked effect on
solar cell performance.”~"” In some cases, an optimal
nanoscale morphology was achieved with random
copolymers compared to highly ordered regioregular
analogues because the random copolymers could
more effectively mix with the fullerene acceptor and
form bicontinuous networks.'® In comparison, fuller-
ene molecules were found to intercalate between
the side chains of an analogous highly ordered poly-
mer and form BHJs containing nanoparticles with
poor electrical connection to the top and bottom
electrodes.'®?° Different substituents have also been
directly attached to a poly(thiophene) backbone with
the aim of changing its band gap,?' but this approach
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has proven to be less effective than using the original
P3HT/PCg:BM system. Further chemical modification
of the side chains of P3HT and its resulting effect on
solar cell performance is mostly unexplored, with
reported examples of side-chain functionalization
mainly centered on the exploration of solubility*??*
and sensing applications.?*

In this study, we present a new class of designer
additives based on regioregular poly(thiophene)s,
where the side chains of the polymer have been
functionalized at the termini in every other thiophene
unit. We hypothesize that mixtures of these regiore-
gular additives with rr-P3HT/PC,BM would demon-
strate better PCEs compared to binary rr-P3HT/
PC,BM mixtures due to improved interactions at the
interface between the polymer and fullerene phases
enabled by side-chain functionalization. We note that
our goal is not to produce champion devices but,
rather, to study the effects of subtle chemical-structure
modifications on a benchmark OPV material system.
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TABLE 1. Photophysical Properties of P1—-6

Aabs Aem T K,
(nm) (CHU3, nm) D% (CHCl;, ns) (M ")/10%*
r-P3HT 452 (CHCl5) 545 (film)” 573 020 058 24
P1 450 (CHC5) 550 (film)” 570 022 064 41
P2 447 (CHC5) 545 (film)” 571 012 057 33
P3 455 (CHC5) 552 (film)” 573 022 062 24
P4 440 (CHC;) 548 (film)” 570 022 061 36
P5 445 (CHCI5) 540 (film)” 570 0.18 057 3.0
Pé 44) (CHC5) 545 (film)® 575 020 060 28

“Films 40 £ 5 nm thick spun-cast from 1,2-dichlorobenzene. ® Fluorescence
quantum yields are determined against perylene in EtOH (P 0.94). The
measurement error is 0.03.  Steady-state quenching constant for each polymer
with PCs;BM in CHCl5.

RESULTS

Additive Design and Synthesis. As shown in Scheme 1A,
six different AB-alternating side-chain-functionalized
poly(thiophene) additives to the P3HT/PC,BM system
are synthesized in this study. Poly(thiophene) P1 con-
tains a nonconjugated phenyl moiety in its side chain
in order to elucidate the effects of introducing struc-
tural complexity at side-chain termini in a benchmark
polymeric donor material. To further elaborate on this
concept, polymers P2—6 are also explored as addi-
tives: the effects of steric bulk or congestion can be
revealed by P2, P4, and P5, while the effects of having
weak, isolated dipoles at side-chain termini can be
investigated using P3 (which contains electron-rich
anisole moieties) and P6 (which contains electron-
deficient perfluorophenyl moieties). Triptycene-containing
polymer P5 is also chosen because triptycene has been
reported to be capable of interacting with fullerene
analogues and forming highly ordered arrays in the solid
state.”®

As shown in Scheme 1B,C, polymers P1—6 are
synthesized starting from bithiophene derivative 1,
which is obtained from 3-bromothiophene following
modified literature procedures (see Supporting Infor-
mation for detailed synthetic protocols and char-
acterization). Monomers M1 and M3—6 are accessed
in good yield by subjecting compound 1 to Williamson
ether synthesis conditions with the corresponding
phenol. Subsequent nickel-catalyzed Grignard metath-
esis (GRIM) polymerization®® 2 of M1 and M3—6
yields P1 and P3—6 in high yields (Scheme 1B).2° 3
Considering that an iodophenyl moiety could be com-
petitively metalated under standard GRIM polymeriza-
tion conditions and introduce unwanted side reac-
tions, polymer P2 is synthesized following route 2
(Scheme 1C). Bromobutane-containing polymer P7 is
synthesized by GRIM polymerization of 1, and sub-
sequent postpolymerization functionalization with 4-
iodophenol yields P2 in moderate yield and with a high
degree of substitution (99%) on the side chain.

LOBEZ ET AL.

The poly(thiophene) additives thus obtained have
number-averaged molecular weights (M) of 16 +
2 kDa and polydispersities (PDI) of 1.3 £ 0.1. In
comparison, the commercial rr-P3HT used as the ma-
jority donor material in BHJ OPVs has a M,, of 45 kDa
and a PDI of 1.7.

Additive Characterization. The absorption and emis-
sion spectra of P1—6 and their corresponding peak
maxima in dilute chloroform solutions are both similar
to those of rr-P3HT (Table 1), thus indicating that side-
chain functionalization does not alter the effective
conjugation length of the poly(thiophene)s. Addition-
ally, the solution quantum yields and excited-state
lifetimes of P1—6 are also identical to those of com-
mercial rr-P3HT (within the error of each measure-
ment). Spun-cast, annealed thin films of P1—6
(40 nm) displayed red-shifted absorption maxima
and weak luminescence at room temperature, similar
to rr-P3HT. However, unlike films of rr-P3HT, a char-
acteristic “order peak” at 600 nm is not observed to
evolve in the absorption spectra of neat thin films of
P1—6. This optical order peak is assigned to interplane
interactions in highly ordered crystalline regions of rr-
P3HT;*? therefore, the lack of an order peak in films of
P1—6 indicates that side-chain functionalization of
poly(thiophene)s hinders crystallization of polymer
chains.

Steady-state fluorescence quenching studies of
P1-6 with PCs;BM in chloroform solutions reveal
larger Stern—Volmer quenching constants (Ks,) for
the additives compared to rr-P3HT: for example, K,
values of 4.1 x 10 and 3.6 x 10> M~ are measured in
CHClI; for P1 and P4, respectively, compared to 2.4 x
10> M~ for rr-P3HT. Lifetime Stern—Volmer measure-
ments reveal that the excited-state lifetimes of the
polymers do not change significantly with increasing
fullerene concentration (see Supporting Information),
indicating the dominance of a static quenching me-
chanism. In this case, a higher value of K, can be
correlated with a larger binding affinity between the
fluorophore and quencher, thus indicating that the
side-chain-functionalized poly(thiophene) additives
have a higher binding affinity for PC4;BM than rr-
P3HT. We note that a slight increase in the excited-
state lifetime of P5 was observed in the presence of
PCg:BM, which we ascribe to conformational changes
in the polymer backbone induced by a triptycene—
fullerene binding interaction.

X-ray diffractograms of spun-cast and annealed
films of P1—6 do not contain sharp diffraction signals
and indicate that these neat polymer films are amor-
phous (see Supporting Information). This observation
is consistent with the aforementioned absence of an
order peak in the absorption spectra of thin films of
P1-6. However, diffractograms of rr-P3HT/PCs;BM
thin films containing up to 10 wt % of P1—6 reveal
that the presence of up to 10 wt % of the additives does
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Figure 1. Performance of devices containing ternary mixtures of P3HT, P1—6, and fullerene. (A) Composition of active
layer, 1:1 ratio of total polymer (P3HT + 0.25 wt % P1—6) to PC¢;BM. (B) J—V curves under 1 sun for solar cells containing the
active layer shown in (A). The average J—V curves over eight different devices are shown. The inset depicts the device
architecture. (C) PCE increase (purple bars, left y-axis, % versus a solar cell with no additive) upon incorporation of 0.25 wt %
P1—6. The variation of Jsc with different additives is superposed (orange, right y-axis). (D) Log—log plot of dark J—V curves for
solar cells containing the active layer shown in (A). The inset is a plot of the dark current density, Jp, versus corrected voltage
values. The built-in voltage, Vg, is subtracted from the applied bias, V, to provide the corrected voltage. Vg, is taken as a
compensation voltage V, ~ Vo + 0.05 V (see ref 20). (E) Experimental photocurrent as a function of effective applied voltage,
Vet = Vo — V, for solar cells containing the active layer shown in (A). V, represents the compensation voltage for which the
photocurrent J,, = J — Jp = 0. The inset is zoomed-in on the region where V¢ > 0.1, and the photocurrent displays a square
root dependence on voltage.

not hinder lamella formation within the rr-P3HT phase performance, we fabricate solar cells containing P1—6

of the bulk film (see Supporting Information). Thus, we
infer that the lower molecular weight additives pre-
dominantly localize in amorphous regions within the
rr-P3HT/PCg;BM BHJ.

BHJ Photovoltaic Devices. The motivation of this study
is to determine if small amounts of designer polymers
placed at the BHJ interface can influence the per-
formance of an OPV device. In order to investigate
the effect of side-chain functionalization on solar cell

LOBEZ ET AL.

in the active layer. Considering the disordered solid-
state packing structure demonstrated by neat films of
P1-6, we expected that these polymers would not
perform well as majority donor materials in a solar cell;
indeed, solar cells containing binary mixtures of P1—6
and PC4BM displayed poor power conversion effi-
ciencies and diode rectification. Therefore, to test the
performance of P1—6 as designer additives, we inves-
tigate OPVs containing ternary mixtures of rr-P3HT,
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TABLE 2. Summary of Device Metrics for Solar Cells
Containing Ternary Mixtures of P3HT, 0.25 wt % P1-6,
and PCg;BM (1 Sun lllumination)

Jsc (mA/am?)  Voc (V)  FF R (Qam®)® Ry, (Q am?)®

P3HT/PCs,BM 9.32 059 052 135 1280
+ 025wt % P1 103 0.58 057 73 1460
=+ 0.25 wt % P2 10.7 0.60 053 121 909
—+0.25 wt % P3 10.4 057 052 1.1 1055
+ 0.25 wt % P4 1.2 0.55 054 58 1081
=+ 0.25 wt % P5 1.5 0.59 048 12.8 1397
=+ 0.25 wt % P6 122 0.60 053 10.7 1043

“ Series resistance, defined as dV//d/ of the dark J/—V curve at V = 0.6 V.. b Shunt
resistance, defined as dV/d/ of the dark J—V curve at V.= —0.1 — 0 V.

P1-6, and a fullerene. Figure 1B shows the current
density—voltage (J—V) curves under illumination
(averaged over eight devices) for solar cells fabricated
with 1:1 P3HT/PCs;BM and 0.25 wt % P1—6, and
Table 2 provides a summary of pertinent device me-
trics. The J—V curve for an average P3HT/PCg,BM solar
cell without an additive is provided in black; in our
hands, these reference devices (with an active layer
thickness of 75 £+ 5 nm) display open circuit voltage
(Voc) values of 0.59 & 0.01 V, short circuit current (Jsc)
values of 9.3 £ 0.2 mA/cm?, and fill factors (FF) of
0.52 4 0.03. As can be seenin Figure 1B and Table 2, the
addition of small amounts of P1—6 to the P3HT/
PCs,BM BHJ leads to an increase in the Jsc of the solar
cells, while the Voc and FF remain approximately the
same. Notably, adding a poly(thiophene) with phenyl
moieties at side-chain termini (P1) to the P3HT/PC4,BM
BHJ increases the observed Jsc by 11 &+ 3%. The com-
paratively bulky p-iodophenyl analogue P2 and the
electron-rich analogue P3 perform similarly to P1.
Naphthyl moieties (P4) lead to higher observed Jsc
than phenyl moieties (P1) but significantly decrease
the Vo of the devices. If fullerene-binding triptycene
moieties (P5) are introduced instead of simple phenyl
groups (P1), the Jsc increases by 23 + 4%; however, P5
decreases the FF of the resulting device. Pentafluor-
ophenol-containing additive P6 leads to the highest
increase in overall PCE (28 &+ 4%) by increasing the Jsc
by 25 + 3% while leaving the Vo unchanged.

The series resistance (R,) of the devices, defined as
the slope of the dark J—V curves at 0.6 V, is also lower in
cells containing P1—6 compared to the reference
P3HT/PCg:BM device. This can be seen more clearly
in the log—log representation of the dark J—V curves
(Figure 1D, inset), where higher dark injection currents
are observed for devices containing P1—6 compared
to P3HT/PCes;BM. It is also evident from semilog plots of
the dark J—V curves that the side-chain-functionalized
additives yield higher rectifying values compared to
reference cells.

The increase in the Jsc upon adding 0.25 wt % side-
chain-functionalized poly(thiophene)s is also manifested

LOBEZ ET AL.

as an increase in the external quantum efficiency (EQE)
of the devices containing P1—6 (see Supporting
Information). The increase in EQE cannot simply be
attributed to an increase in light absorption because
the absorption spectra and optical densities of 75 nm
thick films of P3HT/PC4;BM with or without 0.25 wt %
P1-6 are nearly identical (see Supporting Informa-
tion). Therefore, this effect possibly originates from a
decrease in the amount of charge recombination at the
polymer—fullerene heterointerface.

Figure 1E shows the experimental photocurrent Jg,
as a function of effective applied voltage (Vg = Vo — V)
for solar cells containing 0.25 wt % of P1—6. The
photocurrent (Jo, = J. — Jp) is the measured current
under illumination (J)) corrected for the dark current
(Jp), whereas the compensation voltage V, is defined as
the voltage at which the photocurrent J,y, is 0. At
voltages close to the compensation voltage (Vo — V <
0.1 V), the photocurrent is observed to increase linearly
with voltage. For Vo — V > 0.1 V, the photocurrent
enters a regime where a square root dependence on
the effective voltage is observed. Similar behavior has
been characterized in multiple conjugated poly-
mer—fullerene BHJ OPVs, where the decrease in photo-
currentfor Vo — V> 0.1 Vis attributed to recombination
effects.333* Specifically, the low mobilities or short
lifetimes of free carriers (due to either recombination
or trapping) are believed to limit the observed photo-
current in polymer solar cells. As seen in Figure 1E,
polymer additives P1—6 consistently yield higher
photocurrents in the square root regime (Vo — V >
0.1 V) compared to P3HT/PC4,BM reference cells, thus
suggesting that these side-chain-functionalized addi-
tives decrease charge recombination.

To directly probe charge recombination in solar
cells containing P1—6 in the active layer, we per-
formed small-perturbation transient open circuit vol-
tage decay measurements.3>3° In this measurement,
a device is illuminated with 100 mW/cm? white light
(1 sun) to create open circuit conditions while, simul-
taneously, a low-intensity pulsed 635 nm laser is used
to induce a small perturbation to the Vo by transiently
generating additional electrons and holes. The result-
ing additional transient photovoltage, AV, will then
decay with a lifetime that is determined by the recom-
bination rate constant of the electrons and holes.
Figure 2 shows representative photovoltage transients
for cells with or without P1—6. The transients were
taken at V¢ for each device with 1 sun bias light. The
signals have been normalized to the same height at
time zero. The actual voltage peak of all transients was
<3 mV. With the exception of P4, additive incorpora-
tion caused a slower decay in transient photovoltage,
which indicates an increase in charge carrier lifetime.
As seen in the J—V curve in Figure 1, the presence of
0.25 wt % P4 leads to a significant decrease in the Vo
of the resulting solar cell, and therefore, the minimal,
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off-trend decrease in transient V lifetime observed in
the presence of P4 is expected. Blends containing
additive P3, with electron-rich p-anisyl moieties at
side-chain termini, display multiexponential decay,
thus suggesting the presence of multiple charge trap-
ping or recombination mechanisms in this device.

— No Additive
—P1
— P2
— P3
— P4
— P5

-
(=3
o

0.75

o
o
=)
T

0.251

Normalized Transient Photovoltage

0.00

0.0 5.0 10 15 20
Time (us)

Figure 2. Normalized transient photovoltage curves at Vo
for solar cells containing a 1:1 ratio of total polymer (P3HT +
0.25 wt % P1—6) to PC4;BM. The J—V curves under 1 sun for
these devices are shown in Figure 1. Bias illumination was
100 mW/cm? white light giving Voc values of 0.59 V for no
additive (P3HT/PCg,BM), 0.58 V for additive P1, 0.60 V for
additive P2, 0.57 V for additive P3, 0.55 V for additive P4,
0.59 V for additive P5, and 0.60 V for additive P6. The
secondary pulse was from a 635 nm laser, length 5 s.

Blends containing P6 that have the highest Js¢ values
also demonstrate the slowest decay in transient photo-
voltage. This result can be interpreted as a decrease in
the recombination rate across the polymer—fullerene
heterointerface in the presence of P6.

Figure 3 shows the J—V curves of devices contain-
ing varying amounts of P1—6 in the active layer.
Appropriate metrics for the various devices examined
in Figure 3 are tabulated in the Supporting Information
(Table S2).In general, when additives P1—6 are present
in 0.25 wt %, higher PCEs are observed compared to a
P3HT/PCg,BM control. However, if greater than ca. 5 wt
% of P1—6is used, a decrease in the PCE is observed for
all additives due to increased series resistances, which
manifests as a decrease in both Jsc and FF values.
Similar observations of reduced performance have
been noted for other macromolecular additives'®~'>
and are attributed to a decrease in the carrier mobilities
caused by phase segregation and significant disrup-
tions of the BHJ morphology. Indeed, for higher doping
concentrations, an expected increase in the series
resistance can be observed, consistent with reduced
carrier mobilities.

The nanoscale morphologies of the polymer—
PCg:BM films are studied using tapping-mode atomic
force microscopy (AFM).3” Surface topography (left)
and phase images (right) are taken for films contain-
ing 0,0.25,and 2.5 wt % P6 and are shown in Figure 4.
Average surface roughness values measured from the
topography images of three different 5 um x 5 um
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Figure 3. J—V curves under 1 sun for solar cells containing 50/50 total polymer/PCq;BM with varying amounts (0% black,
0.25% red, 2.5% green, 10% blue) of P1—6. The average J—V curves from eight different devices are shown in each case. Panels
A—F correspond to additives P1—6, respectively. The insets show the structure of the functional group attached to the side
chain of the corresponding additive.
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Figure 4. Tapping-mode atomic force microscopy images of a 5 um x 5 um region of three films used in making devices
shown in Figures 1 and 3. (A) 1:1 P3HT/PCs;BM. (B) 1:1 (P3HT + 0.25 wt % P6) to PCg;BM. (C) 1:1 (P3HT + 2.5 wt % P6) to
PCs:BM. (A—C) Topography of each film is shown in the left panels and the corresponding phase images in the right panels.
Insets show the topography and corresponding phase images for a smaller scan area (1 um x 1 um) of the same films.

regions of each film are as follows: 1.51 + 0.02 for
0 wt % P6; 3.00 + 0.01 for 0.25 wt % P6; and 2.98 +
0.02 for 2.5 wt % P6. With P6 loadings as small as
0.25 wt %, the average surface roughness is double
that of P3HT/PCsBM films, therefore suggesting
that aromatic moieties present at side-chain termini
are capable of significantly affecting the morphol-
ogy of polymer—fullerene blends. Very different
morphologies are indeed observed for the three
different blends in their phase images (Figure 4,

LOBEZ ET AL.

right panels). Bicontinuous networks of nanoscale
fibrillar features are apparent in Figure 4A,B for films
containing 0 and 0.25 wt % P6, respectively. How-
ever, the phase images of films containing 2.5 wt %
P6 reveal the presence of isolated clusters with
relatively large domain widths (up to 30 nm). These
observations are consistent with the loading-
dependent J—V curves shown in Figure 3, wherein
higher P6 loadings lead to decreased Voc and Jsc
values and increased series resistances.
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Figure 5. Devices containing discrete layers of P3HT, side-chain-functionalized poly(thiophene)s, and Cg,. (A) J—V curves
under illumination of as-deposited, planar devices. The inset depicts the layered device architecture, with the thickness of
each layer provided. (B) J—V curves under illumination of the same devices as in (A) after annealing at 150 °C under nitrogen
for 1 h to create a planar-mixed heterojunction. A reference P3HT/C¢, device lacking a layer of the side-chain-functionalized

additive is shown in black.

In order to further characterize the effects of the
side-chain-functionalized additives on device perfor-
mance in the absence of morphological factors, we
fabricate layered solar cells. Specifically, devices con-
taining discrete layers of P3HT, fullerene, and a side-
chain-functionalized poly(thiophene) are studied to
ascertain whether the side-chain moiety can introduce
a dipole at the polymer—fullerene interface and thus
increase the observed Voc.3%3° Our device structure
is as follows: ITO/PEDOT:PSS/P3HT/additive/Cgo/Ca/Al
(Figure 5). Discrete layers of P3HT and P1, P5, or P6
are obtained by first spin-casting a layer of P3HT from
1,2-dichlorobenzene and annealing it at 150 °C, then
spin-casting a layer of the appropriate additive from
dichloromethane (DCM) solutions. The procedure of
using DCM as an orthogonal solvent for high molecular
r-P3HT has been previously reported.*® The high
molecular weight rr-P3HT used in this study is insoluble
in DCM; however, polymer additives P1—6 are solubi-
lized by DCM, thus allowing for their deposition onto rr-
P3HT with minimal layer mixing. A 50 nm thick layer of
Cso, followed by layers of calcium (25 nm) and alumi-
num (80 nm), is then deposited by thermal evaporation
under high vacuum.

Appropriate metrics for the devices examined in
Figure 5 are tabulated in the Supporting Information
(Table S3). Indeed, when a thin layer (15 & 5 nm) of P1,
P5, or P6 is introduced between layers of P3HT (40 nm)
and Cgo (50 nm), a 3, 13, and 51 mV increase, respec-
tively, in the Vo of the solar cell is observed compared
to P3HT/Ceo devices lacking an interlayer (Figure 5).
Furthermore, this increase in Voc is preserved upon
thermally annealing the layered device, which en-
courages the formation of a planar-mixed heterojunc-
tion.*"*? In the case of the planar-mixed heterojunc-
tions thus formed, higher Jsc and FF values, in addition
to increased V¢ values, are observed in the presence

LOBEZ ET AL.

of P5 and P6, similar to previous observations in
ternary P3HT/PCg,BM devices.

The calculated dipole moments (B3LYP-6-31G*) of
the six isolated side-chain moieties found in P1—6 are
provided in the Supporting Information (Figure S5).
Additionally, the calculated dipole moments of the six
side-chain-functionalized thiophene repeat units found
in P1—6 are provided in Figure S6. The dipole mo-
ments of the side-chain-functionalized repeat units
contained in P1, P5, and P6 are calculated to be 0.52,
1.58, and 2.43 D, respectively. Therefore, the trend in
the strength of the dipole moments within this family
of additives qualitatively concurs with the trend in the
Voc increase observed with additive interlayers. Addi-
tive P6 contains pentafluorophenyl ether side-chain
moieties that display the largest isolated dipole mo-
ments and, correspondingly, leads to the largest ob-
served increase in Voc in layered devices.

Additive Regioregularity. Varying the regioregularity
and the degree of substitution of the best-performing
additive P6 significantly diminishes its ability to yield
higher Jsc values. Analogues of P6 with varying de-
gress of disorder are synthesized (see Supporting
Information for synthetic details) and studied as addi-
tives to the P3HT/PCg,BM BHJ: a random but regiore-
gular copolymer, P6a; a regioregular homopolymer
P6b; and a random, regiorandom copolymer Péc
(Figure 6A). The 'H NMR signals of additives P6 and
P6a—c in the diagnostic aromatic region are shown in
Figure 6B; as expected, increasing disorder in the
polymer backbone leads to broadening of the aromatic
signal at 6.8 ppm. PVs containing the random, regiore-
gular copolymer P6a display lower Jsc values com-
pared to those containing the AB-alternating regiore-
gular polymer P6 (averaged over eight devices,
Figure 6C). In the case of a regiorandom random
copolymer, P6c, little effect on Jsc values is observed
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Figure 6. Study of the influence of additive copolymer composition and regioregularity. (A) Structures of P6 and its analogues
with varying degrees of disorder. (B) "H NMR signals of P6 and P6a—c in the aromatic region showing very sharp signals for the
H in the 4-position of the polymer backbone for regioregular polymers (P6, P6a, P6b). Regiorandom P6c shows an additional
shoulder. (C) J—V curves under 1 sun for solar cells containing a 1:1 ratio of total polymer (P3HT + 0.25 wt % P6a—c) to PC4;,BM
and for a reference device with no additive (black). Average J—V curves for eight different devices are shown. (D) Normalized
transient photovoltage decay curves at Vo for the same devices as in (C). Bias illumination was 100 mW/cm? white light giving
Voc values of 0.59 V for P3HT/PCg,BM, 0.60 V for additive P6, 0.58 for additives P6a and P6c, and 0.57 V for additive P6b. The

secondary pulse was from a 635 nm laser, length 5 s.

with ternary mixtures relative to a P3HT/PCs;BM con-
trol. The effects of homopolymer P6b fall between
those of P6a and P6c. Small-perturbation transient
open circuit voltage decay measurements of charge
carrier lifetime in the presence of these disordered
additives reveal that only the AB-alternating regiore-
gular polymer P6 results in increased charge carrier
lifetimes compared to a reference cell (Figure 6D).

Fullerene Loading. The Jsc values for solar cells con-
taining 0.25 wt % P6 with varying ratios of polymer to
either PC4;BM or PC;,BM are shown in Figure 7 (see the
Supporting Information for other device metrics). No-
table increases in Jsc in the presence of P6 are only
obtained for polymer/fullerene ratios of 1:1 for both
PCs:BM and PC;,BM. Previous studies have shown that
for high molecular weight, regioregular P3HT, a poly-
mer fullerene ratio of 1:1 leads to optimal PCEs,****
consistent with the data presented in Figure 7.

Active Layer Thickness. In order to investigate the
effects of the best-performing additive, P6, on solar
cells containing a thicker active layer, devices contain-
ing a 220 nm thick bulk heterojunction are fabricated
(see Figure S5 in the Supporting Information). It has
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been demonstrated that P3HT/PCBM bulk heterojunc-
tion solar cells should be approximately 220 nm thick
to achieve an optimal PCE of 4.5—5%.2 Using an active
layer compostion of 49.75 wt % P3HT, 0.25 wt % P6,
and 50 wt % PCg:BM (which yields the maximal PCE
increase in 75 nm thick devices according to the
aforementioned experiments), a PCE of up to 5.3% is
achieved with 220 nm thick solar cells (30% PCE
increase over a control device lacking P6; see Support-
ing Information).

DISCUSSION

A proposed model of the nanoscale organization
within ternary blends of P1—6, rr-P3HT, and PC,,BM is
depicted in Figure 8B. On the basis of the combined
observations that additives P1—6 do not disrupt the
crystallinity of the P3HT phase in ternary blends and
that only AB-alternating regioregular analogues im-
prove the performance of OPV devices, we propose
that the side-chain-functionalized additives selectively
localize at the rr-P3HT—fullerene interface, likely in the
amorphous region of P3HT where the P3HT domains
contain approximately 20% (in volume) of PCBM.
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Figure 7. Study of the influence of fullerene structure and loading. Jsc for solar cells containing 0.25 wt % of pentafluor-
ophenol additive P6 with varying ratios of total polymer/PC,BM compared to reference devices for PC4;BM (A, circles) and
PC;1BM (B, triangles). Js¢ values for solar cells of the same composition with no additive are shown in black. The inset shows
the J—V curves under 1 sun for solar cells containing 50/50 total polymer/PC,BM with (red) and without (black) P6. Average Js¢

values from eight different devices are reported.
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Figure 8. Diagram of the proposed nanoscale organization within (A) binary mixtures of rr-P3HT and PC,,BM and (B) ternary
mixtures of rr-P3HT, PC,BM, and side-chain-functionalized poly(thiophene)s P1—6. Additives P1—-6 are proposed to
selectively localize at the polymer—fullerene heterointerface, and the aromatic moieties at side-chain termini are proposed
to interact with the fullerene phase. Depending on the exact structure of the side-chain functional group, a dipole is
introduced across the polymer—fullerene heterointerface that decreases charge carrier recombination.

In recent years, several studies have revealed the
importance of these regions and the effect they have
in solar cell performance since they highly influence
the optoelectronic properties of the resulting hetero-
junction.*>* For this reason, the presence of additives
in this region should have a large effect in solar cell
performance.

LOBEZ ET AL.

Given the marked difference in steady-state quench-
ing responses and solar cell performance metrics
between polymers P1—6, we infer that aromatic moi-
eties present at side-chain termini interact with fullerenes
and that the exact nature and identity of the side-chain
aromatic moieties influences the degree of this interac-
tion. Since the presence of a side-chain-functionalized
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poly(thiophene) layer leads to increased Vo values in
layered devices, we conclude that aromatic moieties at
side-chain termini are capable of inducing a dipole at the
polymer—fullerene interface. Moreover, we believe that
this induced dipole is responsible for the increased
charge carrier lifetimes and higher photocurrents ob-
served in bulk heterojunctions containing side-chain-
functionalized poly(thiophene)s. On the basis of the
results presented herein, we suggest that side-chain
functionalization is an as-of-yet underexplored strategy
to design polymeric additives that improve the power
conversion efficiencies of polymer solar cells by fine-
tuning charge transfer phenomena at the polymer—
fullerene interface.

CONCLUSIONS

The motivation of this study is to determine if small
amounts of designer additives placed at the poly-
mer—fullerene interface in bulk heterojunction (BHJ)
solar cells can influence their performance. A series
of AB-alternating side-chain-functionalized poly-
(thiophene) additives, P1—6, are designed to selec-
tively localize at the interface between regioregular
poly(3-hexylthiophene) (rr-P3HT) and PC,,BM (n = 61,
71) phases and are synthesized using GRIM polymer-
ization methods from corresponding bithiophene
monomers. Phenoxy (P1), 4-iodophenoxy (P2), 4-ani-
syloxy (P3), 1-naphthoxy (P4), triptycene (P5), and
perfluorophenoxy (P6) groups are introduced at alter-
nating side-chain termini along a regioregular poly-
(thiophene) backbone. The side-chain-functionalized
poly(thiophene)s P1—6 display the same photophy-
sical properties as commercial regioregular poly(3-
hexylthiophene) (rr-P3HT). Although neat films of
P1-6 are found to be amorphous, the presence of
up to 10 wt % P1—6 in rr-P3HT/PCs,BM blends does
not disrupt the advantageous formation of P3HT
lamellae within this ternary mixture.

EXPERIMENTAL METHODS

General Procedure for Monomer (M) Synthesis. Compound 1 was
synthesized following modified literature procedures (see Sup-
porting Information). To a solution of an appropriate phenol
(1.5 equiv) in EtOH was added KOH (1.7 equiv), and the mixture
was stirred for 10 min. Compound 1 and a spatula tip-full of Nal
was added and the reaction subsequently refluxed under argon
for 2 h. After addition of H,0O, the reaction was extracted with
ether (3%, 50 mL), and the combined organic phases were
washed with water (2%, 50 mL) and brine and dried over
magnesium sulfate. After solvent removal, the resulting oil
was purified by column chromatography.

General Procedure for Polymer Additive (P) Synthesis. To a solution
of the appropriate monomer M (1 equiv) in dry THF was added
'BuMgCI (1.0 M in THF, 1 equiv) at room temperature, and the
reaction was subsequently heated to 70 °C. After stirring for 2 h,
Ni(dppp)Cl; (1.4 mol %) dispersed in 1 mL of dry THF was added

LOBEZ ET AL.

BHJ solar cells containing ternary mixtures of rr-
P3HT, PC,BM (n =61, 71), and varying weight ratios of
additives P1—6 are fabricated and characterized. At
low loadings (0.25 wt %), the presence of P1—6
consistently increases the short circuit current (Js¢)
and decreases the series resistance (Rs) of the corre-
sponding photovoltaic cells, leading to an increase in
the power conversion efficiency (PCE) compared to
reference P3HT/PC4:BM cells. Small-perturbation
transient open circuit voltage decay measurements
reveal that, at 0.25 wt % incorporation, additives
P1-6 increase charge carrier lifetimes in P3HT/
PCs1BM solar cells. Higher additive loadings (>5 wt %)
lead to detrimental nanoscale phase separation within
the active layer blend and produce solar cells with high
series resistances and low overall PCEs. Perfluorophe-
noxy-containing polymer P6 is the most effective side-
chain-functionalized additive and yields a 28% in-
crease in PCE when incorporated into the rr-P3HT/
PCs:BM BHJ at a 0.25 wt % loading. Moreover, the
regioregularity and copolymer composition of the
side-chain-functionalized poly(thiophene)s is found
to significantly affect their efficacy as additives in
solar cells, with only the regioregular AB-alternating
copolymer P6 yielding a large increase in PCE.
Devices with 220 nm thick BHJs containing 0.25 wt %
P6 are fabricated and display PCE values of up to
5.3% (30% PCE increase over a control device lack-
ing P6).

We propose that the regioregular additives P1—6
selectively localize at the interface between rr-P3HT
and PC,BM such that the functional groups at side-
chain termini interact with the fullerene phase. We
believe that these side-chain aromatic moieties in-
troduce a dipole at the polymer—fullerene interface,
which decreases the rate of bimolecular recom-
bination and, therefore, improves charge collection
across the active layer in a bulk heterojunction poly-
mer solar cell.

via cannula. The reaction was observed to immediately turn
deep orange and fluorescent yellow. After stirring for 10 h,
excess methanol was added to the reaction mixture to pre-
cipitate the polymer. The resulting dark purple solid was
reprecipitated twice with CHCl3/MeOH, subjected to Soxhlet
extraction with MeOH and acetone, and subsequently extracted
with CHCl; to isolate the desired polymer sample.

Device Fabrication. Prepatterned indium tin oxide (ITO)-
coated glass substrates (Thin Film Devices, Inc.) were sonicated
in acetone (30 min) and isopropyl alcohol (30 min) and oxygen
plasma-cleaned (3 min) immediately prior to deposition of the
PEDOT:PSS layer. PEDOT:PSS (2—5 wt % in water, Aldrich) was
spin-coated in a nitrogen atmosphere at 4000 rpm and an-
nealed at 150 °C (using a hot plate) for 15 min under nitrogen. A
40 nm PEDOT layer was thus obtained. Film thickness was
determined by ellipsometry measurements on separate films
prepared on silicon substrates. For the active layer, a 10 mg/mL
solution of 1:1 total polymer/PC,BM in 1,2-dichlorobenzene

VOL.6 = NO.4 = 3044-3056 = 2012 @%

a

N\

WWww.acsnhano.org

3054



(DCB) was employed (in a representative example, 1.9 mg of
P3HT, 0.1 mg of P1, and 2 mg of PCs;BM were dissolved in
0.2 mL of DCB). Then, 60 uL of this solution was spin-coated onto
the PEDOT layer at 1000 rpm under nitrogen. The substrate was
taken from the spin chuck and immediately placed under an
inverted Petri dish inside the glovebox for 10 min to encourage
solvent annealing from the small amount of residual DCB on
the substrate. Next, the solar cells were placed on a 150 °C hot
plate and annealed for 45 min under nitrogen. A 75 + 5 nm
active layer was thus obtained. A 220 nm thick active layer was
obtained following the same procedure, with the exception of
using a 30 mg/mL solution of 1:1 total polymer/PC,BM in DCB.
Following this deposition procedure, the top electrode was
deposited by thermal evaporation of a 25 nm thick film of Ca
followed by an 80 nm thick film of Al. The device area, as defined
by the anode—cathode overlap, is 1.21 mm?.

Device Characterization. Current density—voltage (J—V)
measurements were recorded by a Keithley 6487 picoammeter
both in the dark and under illumination. The devices were
illuminated through the glass substrate using an Oriel 91191
150 W full spectrum solar simulator. The illumination intensity
was calibrated to 100 mW/cm? using an NREL-certified silicon
photodiode. Spectral mismatch was not corrected for these
measurements. For measurement of external quantum efficien-
cies, the sample was illuminated with optically chopped broad-
band light from a 1000 W Xe lamp focused into an Acton
Spectrapro 300i monochromator that underfilled the device
area. A calibrated silicon photodetector was used to measure
the optical power of the output, which was subsequently
focused onto the device under study. A SRS-830 lock-in ampli-
fier provided with the reference signal from the optical chopper
(45 Hz) was used to extract a measurement of the AC photo-
current. For the small-perturbation transient photovoltage
measurement, a Newport LQD laser diode (1 635 nm) driven
by an Agilent 33220A function generator (11 Hz, 50% duty cycle)
was used as a second light source to provide square wave
modulated illumination. This illumination was filtered through
a neutral density filter before reaching the device to ensure a
small (<5%) illumination perturbation. Voc decay transients were
recorded on a Tektronix TDS 3054B digital oscilloscope with a
Tektronix ADA440A high impedance differential preamplifier.
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